Intraventricular hemorrhage (IVH) is the most common cause of pediatric hydrocephalus in North America but remains poorly understood. Cell junction-mediated ventricular zone (VZ) disruption and astrogliosis are associated with the pathogenesis of congenital, nonhemorrhagic hydrocephalus. Recently, our group demonstrated that VZ disruption is also present in preterm infants with IVH. On the basis of this observation, we hypothesized that blood triggers the loss of VZ cell junction integrity and related cytopathology. In order to test this hypothesis, we developed an in vitro model of IVH by applying syngeneic blood to cultured VZ cells obtained from newborn mice. Following blood treatment, cells were assayed for N-cadherindependent adherens junctions, ciliated ependymal cells, and markers of glial activation using immunohistochemistry and immunoblotting. After 24-48 hours of exposure to blood, VZ cell junctions were disrupted as determined by a significant reduction in N-cadherin expression (p < 0.05). This was also associated with significant decrease in multiciliated cells and increase in glial fibrillary acid protein-expressing cells (p < 0.05). These observations suggest that, in vitro, blood triggers VZ cell loss and glial activation in a pattern that mirrors the cytopathology of human IVH and supports the relevance of this in vitro model to define injury mechanisms.
INTRODUCTION
Intraventricular hemorrhage (IVH) remains the most frequent and severe neurological complication of premature birth, occurring in nearly 20% of preterm infants (1) (2) (3) . Posthemorrhagic hydrocephalus (PHH) occurs in up to one-half of infants who develop IVH and now represents the most common cause of pediatric hydrocephalus in North America (4) . Despite advances in neonatal and neurosurgical care, the neurological outcomes of infants with PHH remain among the worst in newborn medicine, with cognitive deficits in >85% of affected infants and cerebral palsy in 70% (1) . PHH also requires complex, lifelong neurosurgical care (5-7) and frequently requires neurosurgical revision surgery, accounting for >$605 million in healthcare spending in the United States annually (4) . Despite the high prevalence and poor outcomes in infants with PHH, the pathogenesis of this disorder remains poorly understood (8, 9) .
It has been observed that the preterm ventricular zone (VZ) is altered in IVH (10) . The preterm VZ is a single layer of monociliated neural stem cells (NSC) that develops into mature multiciliated ependymal cells (EC) to form a barrier separating the cerebrospinal fluid (CSF) from the brain parenchyma. The VZ and the subjacent subventricular zone are the primary sites of neurogenesis for the brain (11) . NSC give rise to oligodendrocytes, astrocytes, and neurons, which use the radial basal processes of neighbor NSC as a scaffold for migration (11) (12) (13) (14) and gliogenesis (15, 16) . In humans, neurogenesis continues into the third trimester and newborn period (17) , precisely when IVH and PHH commonly occur.
The cytopathology of the VZ following IVH has been characterized as an alteration in NSC/EC, with neuroepithelial injury, loss or detachment (VZ disruption), impaired cell junctions, and gliosis in the affected area. VZ disruption has been specifically implicated in the etiology of both congenital (nonhemorrhagic) hydrocephalus and PHH in both experimental models (17) (18) (19) (20) (21) (22) (23) (24) (25) , and humans (26) (27) (28) (29) (30) (31) . Our group also reported that VZ disruption is a key feature in IVH in preterm human infants (10) . More specifically, a cell-cell junction impairment or cell junction pathology appears to be involved in the origin of VZ disruption, since NSC/EC lose the capacity to attach to one another (22, 24, 25, 31, 32) . In this setting, VZ disruption is characterized by altered N-cadherin (Cadherin2) adherens junctions and connexin 43-dependent gap junctions, ependymal layer denudation, astrocytosis, and periventricular heterotopia (31) . We hypothesized that this pathophysiology was the direct result of blood exposure in IVH. To test this hypothesis, we developed an EC culture model to determine the effects of blood exposure on temporal changes in VZ junctional integrity and associated markers of VZ cell injury.
MATERIALS AND METHODS

VZ Cell Cultures
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the Washington University School of Medicine. C57BL/6 mice at p 0 to 4 were used. Cells were dissociated with an enzymatic digestion solution (17 mL of Papain #37A17241, Worthington, Lakewood, NJ; 15 mL of DNAse, #EN0521, Thermo Fisher Scientific, Waltham, MA; and 288 mg of L-Cysteine, #C7352, Sigma, St. Louis, MO) in 1 mL of DMEM (Dulbecco's Modified Eagle Medium)/Glutamax per brain for 1 hour. Dissociated VZ cells were plated into 25 cm 2 flasks and grown in proliferation media composed of DMEM/Glutamax supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin (P/S) at 37 C as described by Delgehyr et al (33) . Half of the media was replaced the following day. After the cultures were confluent ($4 days), the flasks were shaken at 250 rpm overnight at room temperature to remove weakly attached cells, which were mainly differentiated neurons. The remaining cells were rinsed with Ca 2þ /Mg 2þ -free PBS (phosphate buffered saline) and incubated for 5 minutes at 37 C with 1 mL of trypsin-EDTA (ethylenediaminetetraacetic acid) to detach them from the flask. These cells were resuspended in proliferation media and replated onto 12-mm-diameter round glass coverslips in 24-well plates. The cell suspension (20 mL of 2 Â 10 6 cells/mL) were carefully placed onto the coverslip and incubated for 1 hour, allowing the cells to adhere at high density, after which 1 mL of the proliferation media was added to each well. The following day, DMEM/Glutamax, 1% P/S (differentiation media) was used for continued culture; cells progressively differentiate from NSC to EC in this media (33) .
Exposure of VZ Cultures to Blood
Five days after differentiation was initiated, the VZ cells were submerged in nonheparinized whole blood collected using orbital sinus puncture (34) from animals within the same colony. Blood samples were held at 4 C for <5 minutes. Cells on coverslips were treated with 25, 30, or 40 mL of blood for a total of 3, 24, or 48 hours in a pilot dose-response experiment and compared with control coverslips that were submerged in PBS under similar conditions. Subsequently, time-related experiments were performed comparing exposure of cells to 30 mL of PBS or blood for 3, 24, or 48 hours.
Immunocytochemistry
At 3, 24, and 48 hours after control PBS or blood treatment, the coverslips were washed 3 times with PBS and fixed with 4% paraformaldehyde in PBS for 7 minutes. After washing again in PBS, the cells were permeabilized with 5% bovine serum albumin in PBS and 1% Triton X-100 for 1 hour; subsequently the cells were incubated for 2 hours with antibodies diluted in PBS supplemented with 0.1% Triton X-100. Antibodies and dilutions included: N-cadherin (#180224, Thermo Fisher Scientific), 1:25; glial fibrillary acidic protein (GFAP) (#7260, Abcam, Cambridge, MA), 1:300; bIV tubulin (#11315, Abcam), 1:100; and active caspase-3 (#AF835, Novus Biologicals, Littleton, CO), 1:100. After rinsing 3 times with PBS, the coverslips were incubated for 1 hour with the appropriate secondary antibody, diluted in PBS supplemented with 0.1% Triton X-100: goat antimouse Alexa Fluor 488 (#A11001, Thermo Fisher Scientific), goat antirabbit Alexa Fluor 488 (#A11034, Invitrogen, Carlsbad, CA) at 1:300 or goat antimouse Alexa Fluor 555 (#AQ21422, Thermo Fisher Scientific) at 1:300. Lastly, the cells were stained with 4 0 6-diamidino-2-phenylindole (DAPI) at 1:5000 in PBS (#D1306, Thermo Fisher Scientific) for 5 minutes to label cell nuclei.
Western Blot
After 48 hours of PBS or blood treatment, the cells were rinsed with PBS until the remaining blood was removed and then treated with 50 mL of RIPA (radioimmunoprecipitation assay buffer) solution (#R0278 Sigma) to homogenize the cultures. Proteins were denatured in lithium dodecyl sulfate sample buffer (NP0007, Invitrogen, Carlsbad, CA) and reduced using b-mercaptoethanol (#M7154, Sigma). After heating at 95 C for 5 minutes, each 30 lL sample was run on an SDS-PAGE gel (4-12% polyacrylamide) (#NP0321, Invitrogen, Carlsbad, CA) for 1 hour at 120 V in SDS running buffer (#NP0001, Novex, Carlsbad, CA) and the proteins were then blotted onto a nitrocellulose membrane (#LC2006, Novex) at 170 mA for 2.5 hours in 15% Methanol transfer buffer (#NP0006, Novex). After blocking for 1 hour in Tris buffered saline with 5% powdered milk, samples were incubated with primary antibodies in Tris buffered saline (TBS) and 0.1% Tween at 4 C overnight. Primary antibodies and dilutions were GFAP (#7260, Abcam), 1:1000; N-cadherin (#180224, Thermo Fisher Scientific) 1:50 for and GAPDH (#2118S, Cell Signaling Technology, Danvers, MA), 1:500. Detection was performed by enhanced chemiluminescence (#7003, Cell Signaling Technology) after an hour of incubation with horseradish peroxidase-conjugated antirabbit, 1:10 000 (#70742, Cell Signaling Technology) or antimouse, 1:5000 (#SC-2005, Santa Cruz Biotechnology, Dallas, TX).
Image Analysis
Images of immunostained tissue were obtained using Pascal confocal microscopy at 20Â (0.50 Zeiss, Oberkochen, Germany) and 63Â (1.4 Zeiss). The NIH public software, ImageJ was used to quantify cell variations (total cells, number of cells expressing specific proteins, immunodensity). To calculate the total number of cells, an ImageJ macroinstruction was developed to quantify DAPI labeling (Supplementary Data Fig. S1 ) in areas of 0.0225 mm 2 . Western blot images were taken with the molecular imager Chemidoc XRSþ using Image Lab 3.0 from Bio-Rad (Hercules, CA).
Statistical Analysis
One-way ANOVA followed by the Tukey posthoc test or the Student t-test were used for parametric data and a Mann-Whitney U test was used for nonparametric data. Results were considered statistically significant if p < 0.05. Data are presented as group medians (nonparametric) or mean 6 SD (parametric) and were considered statistically significant at p < 0.05. All analyses were conducted using Prism 5 (GraphPad Software, San Diego, CA).
RESULTS
In Vitro Development of EC
To define the normal development of EC in vitro, we used a previously described EC culture model in which the cells progressively differentiate from monociliated NSC to mature multiciliated EC. To evaluate differentiation, the cells were immunolabeled against the cilia marker bIV-tubulin, which allows us to discriminate between multiciliated, monociliated, and nonciliated VZ cells. To determine the stage of EC maturation, the glial marker GFAP was used; EC exhibit GFAPpositive attributes in premature stages and become GFAPnegative with maturation (10, (35) (36) (37) . This approach permitted identification of 6 different cell types ( Fig. 1 ): 1) cells not expressing GFAP or bIV-tubulin, 2) cells expressing GFAP but not bIV-tubulin, 3) monociliated bIV-tubulin cells not expressing GFAP, 4) monociliated bIV-tubulin cells expressing GFAP, 5) multiciliated bIV-tubulin cells expressing GFAP, and 6) multiciliated bIV-tubulin cells not expressing GFAP (Fig. 1D ). In the current project, we focused on multiciliated EC.
Multiciliated EC developed from monociliated cells in a time-dependent fashion, comprising 3.73% 6 4.29%, 23.01% 6 7.56%, and 52.29% 6 11.07% (p < 0.001) of all viable cells at 3, 5, and 7 days after differentiation media was added (Fig. 1A, B) . Overall, there was little change in the total number of cells at the same time points (day 3: 42.80 6 7.64, day 5: 42.78 6 8.61, day 7: 44.31 6 6.87) after the initiation of differentiation, indicating that cells were changing from progenitor-like VZ cells to those that are typically found in the well-differentiated ependyma. Double-labeling was performed against bIV-tubulin and GFAP at days 5 and 7, when a significant number of VZ cells had differentiated to EC (Fig. 1C, D) . We found no significant increase in the percentage of GFAP-negative cells from among all multiciliated cells (day 5: 29.45 6 18.84; day 7: 35.37 6 33.77). At both time points, over 60% of the EC remained in a premature stage (still expressing GFAP); in addition, the total number of GFAP-positive cells did not change over time (day 5: 72.78 6 9.42; day 7: 73.61 6 12.47).
N-Cadherin-Dependent Cell Junctions in the Development of the VZ
Cell junction impairment is a hallmark in the initiation of the VZ disruption. We focused on N-cadherin as a dominant member of the cadherin adherens junction family. These intercellular junctions were detected in the membrane of all VZ cells, probably contributing to the characteristic polygonal shape that is permanent regardless of whether the cells were less differentiated (day 5) or more differentiated (day 7) EC ( Fig. 1E) . Interestingly, N-cadherin expression initially declined from day 5 to day 6 (respectively, 2.93 6 2.41 vs 2.11 6 2.03; p > 0.05) and then stabilized up to day 7 (2.22 6 1.87), suggesting a possible heightened requirement for this cell junction protein during early stages of normal differentiation. Double-labeling with GFAP and N-cadherin showed that the polygonal shape existed independent of the expression of GFAP, indicating that GFAP may not affect the expression of N-cadherin. The glial projections of the GFAPpositive cells did not express N-cadherin (Fig. 1F) .
Effects of Blood on VZ Disruption
To examine if blood exposure elicits NSC/EC loss, cell junction pathology, or astroglial response, VZ cultures at day 5 of differentiation were exposed to syngeneic blood and the effects were evaluated over time. The amount of blood needed for this model was determined in pilot experiments using 25 (2.5%), 30 (3%), and 40 mL (4%). 
NSC/EC Alterations
To characterize VZ disruption, the total number of cells, the percentage of EC and programed cell death was evaluated over time. After 3 hours of PBS or blood treatment, no differences in the total number of VZ DAPI-positive cells per 0.0225 mm 2 were found (38.62 6 11.47 vs 42.78 6 8.614); however, a significant reduction of total VZ cells was observed after 24 hours of blood exposure (41.45 6 5.62 vs 32.08 6 10.68; p < 0.05) and after 48 hours (44.31 6 6.87 vs 26.94 6 7.50; p < 0.001) (Fig. 4A, B) . A similar effect was found for multiciliated cells, as shown by changes in bIV-tubulin signal; there was no change in multiciliated cells after 3 hours of treatment, but a decrease was noted after 24 hours (control 31.07 6 7.78 vs IVH 11.84 6 7.86; p < 0.001) and after 48 hours (control 52.29 6 11.07 vs IVH 14.65 6 8.49; p < 0.001). Interestingly, immunohistochemistry against active caspase 3, a marker of apoptosis, showed no change in caspase 3-positive cells at the same time points (respectively control vs blood; 3 hours: 2.93 6 0.70 vs 3.39 6 2.63; 24 hours: 3.72 6 0.42 vs 2.50 6 2.80; 48 hours: 3.19 6 1.00 vs 1.823 6 1.16), suggesting that programmed cell death was not a factor in cell loss following blood exposure ( Fig. 2D ; Supplementary Data Fig. S2B ). We then calculated the percentage of total cell loss (loss of DAPI-positive cells) after blood and compared it with the percentage of EC diminution (diminution of multiciliated bIV-tubulin-positive cells) at 3, 24, and 48 hours of blood treatment. After 3 hours there was essentially no discrepancy between total cell loss and EC diminution (respectively, À2.92 6 28.72 vs À8.60 6 24.84); however, after 24 hours EC diminution was twice as high as total cell loss (respectively, À59.68% 6 25.10% vs À27.12% 6 21.94%; p < 0.05) and even greater after 48 hours (respectively, -85.16% 6 9.15% vs À36.90% 6 23.98%; p < 0.001) (Fig. 2E) . These results demonstrated that the EC loss exceeded total cell loss and suggest that cell loss is not the sole factor in the decrease of the multiciliated EC after blood treatment. Indeed, other factors, such as alterations in NSC/EC differentiation, may contribute to the diminution in EC following blood exposure. 
Cell Junction Pathology
To gain insight into contributing factors in VZ disruption after blood exposure, the integrity of the cell-cell junctions was examined using N-cadherin expression. After 3 hours of blood exposure, no changes were found in the expression of N-cadherin (control: 2.29 6 2.40, blood: 2.76 6 2.37). After 24 hours of blood treatment, the Ncadherin signal profile became fragmented, with loss of the typical lattice-like cell membrane expression and a prevalence of abnormal subcellular cytosolic depositions (Fig. 3A, B) ; however, the total amount of N-cadherin was not significantly different when immuno-density was quantified (control: 2.11 6 2.03, blood: 2.06 6 2.10). After 48 hours of blood treatment, the abnormal deposition and fragmentation persisted, as well as a significant loss of N-cadherin signal (control: 2.21 6 1.87, blood: 1.12 6 1.07; p < 0.05; Fig. 3A-C ). Significant reduction of N-cadherin signal was confirmed with Western blots by measuring the N-cadherin/GAPDH ratio (median of control vs blood 0.47 6 0.17, 0.22 6 0.03, p < 0.05) after 48 hours of blood treatment (Fig. 3D) .
Glial Activation
GFAP immunolabeling was also employed to investigate astroglial differentiation following blood exposure. The percentage of nonciliated GFAP-positive cells did not change after 3 hours (control 49.44 6 12.96 vs blood 45.94 6 16.33) or 24 hours (control 47.16 6 17.33 vs blood 59.94 6 13.53) but increased significantly after 48 hours of blood treatment; (control vs blood, respectively, 47.10 6 13.21, 79.63 6 11.81; p < 0.05; Fig. 4A, B) . Morphological changes were also observed in GFAP-expressing cells from 3 to 48 hours of blood exposure. In particular, GFAP-positive cells exhibited branchlike projections and a larger GFAP-positive cytoskeleton; at 48 hours, the GFAP-positive processes appeared elongated (Fig. 4A, B) consistent with reactive astrocytes. These findings were further supported by the fact that the cells treated with blood for 48 hours presented increased levels of the GFAP/GAPDH ratio when measured by Western blot (median of control vs blood 1.99 6 1.01, 4.75 6 4.1, p < 0.05) (Fig. 4D) .
DISCUSSION
The pathogenesis of PHH remains poorly understood (8, 9) , in part due to a lack of tools enabling molecular studies on the pathophysiology of PHH. As a first step in this work we developed an in vitro model of ventricular hemorrhage to determine if blood causes VZ disruption and glial activation. Our results suggest that blood impairs N-cadherin-dependent cell junctions and results in loss of multiciliated cells, and subsequently glial activation, closely mimicking the events reported in humans and in animal models of fetal-onset congenital and posthemorrhagic hydrocephalus (10, 18, 19, 22-26, 28, 29, 31, 38) .
This murine in vitro model of IVH injury sought to mimic the normal cell differentiation in the VZ of the preterm infant. In rats, the differentiation of the dorsolateral wall of the lateral ventricle takes place postnatally. At postnatal day 1 is formed by $70% of NSC, $23% of nonciliated cells, and $7% multiciliated EC. From this time onward, the NSC differentiate into multiciliated EC; nevertheless, the percentage of nonciliated cells remains constant throughout VZ development (31) . A similar pattern of postnatal ependymal maturation has been found in mice (33) ; however, in humans the maturation of EC occurs earlier in intrauterine life. Humans present multiciliated EC in the dorsolateral wall from 23 to 40 gestational weeks (10, 31, 39) . To model the clinical timeline of VZ development as closely as possible, our experiments were performed in the stage of differentiation when the cultured cells progress from $20% to $55% multiciliated EC between in vitro day 5 and day 7. During this period of time the VZ also exhibited preterm human-like features such as the presence of undifferentiated monociliated cells with or without expression of GFAP, immature multiciliated EC expressing GFAP ($65% of all EC) and mature EC not expressing GFAP ($35%). Since, the presence of monocilia is the main characteristic of NSC (11) , and GFAP is a glial cell marker for astrocytes and immature EC, monociliated cells not expressing GFAP may belong to another lineage of stem cells not committed to macroglia.
Cell junction pathobiology may mediate the VZ disruption in clinical and experimental hydrocephalus (18, 19, 23, 38, (40) (41) (42) (43) (44) . In areas of VZ disruption, N-cadherin is located within the cytoplasm rather than bound to the cell membrane (31) . Furthermore, many genetic alterations that directly or indirectly alter the stability of cell junctions are associated with VZ disruption and the development of hydrocephalus (29, 38, (45) (46) (47) . The blood component lysophosphatidic acid has also been shown to alter cell junctions, disrupt the cytoarchitecture of the VZ, and produce hydrocephalus (22, 25) . It is worth noting that these authors found VZ disruptions in both the lateral ventricles and the cerebral aqueduct, and therefore suggested that acqueductal stenosis was involved in producing ventriculomegaly in their rodent model. Our IVH in vitro model is also consistent with these well-known cell junction alterations since dislocations of N-cadherin were found after 24 hours of blood treatment and significantly decreased expression of Ncadherin was seen after 48 hours of treatment. Attachment of VZ cells are mediated by adherens junctions, therefore impairment of these junctions result in detachment and loss of those cells. Since cell junctions appear to be fundamental to the genesis of cytopathology in many forms of hydrocephalus, modulators of those molecules should be playing a role in the etiology of this disease. A disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) is a metalloproteinase responsible of the cleavage of >40 transmembrane proteins in the extracellular region (48) ; most of these are cell adhesion proteins such as L1-CAM (49) and E-and N-cadherin (reviewed in (50) ) and its activation produces disruption of epithelial cells of the lung in mice by cleaving E-cadherin (51) presenting a pattern of cadherin disruption similar to what we have observed in our in vitro model. Interestingly, we reported previously that many of the proteins cleaved by ADAM10 such as amyloid precursor protein and L1-CAM have been found to be increased in the CSF of both congenital and posthemorrhagic hydrocephalus (52) (53) (54) (55) . Since ADAM10 plays a key role in the biology of cell adhesion, future studies on this molecule are warranted to determine its role in the pathogenesis of hydrocephalus.
The IVH in vitro model also resulted in fewer total VZ cells after 24 hours of treatment, possibly due to loss of adherens junctions. Interestingly, there were fewer multiciliated cells at 24 and 48 hours, which suggests that those cells may be more affected by this detachment; however, the percentage of VZ cell loss is not proportional to the percentage of the diminution of EC. We found that the decrease of EC is 2 times greater than the cell loss indicating that cell loss is not the only factor involved in the lack of EC. Also, an impairment in the differentiation of the EC seem to be taking place, probably due to the aforementioned blood-dependent N-cadherin effects. This is consistent with the findings reported by Muniz-Talavera and Schmidt where mutant mice lacking the junctional cadherin complex regulator (Jhy) showed protracted differentiation of the EC and hydrocephalus (56) . In both human and animal cases, the VZ disruption is linked to a glial activation, possibly forming a new layer that specifically repairs, or "patches," the disrupted area (23, 26, 57) . This experimental model is consistent with this theory, displaying a significant increase in the number of cells expressing GFAP at 48 hours and exhibiting multiple projections reminiscent of a reactive astroglial response. This glial response occurred 24 hours after disruption of N-cadherin and the loss of multiciliated cells was detected, indicating that this reaction may respond to the impairment in the cell junctions and the VZ cell loss. These alterations seem to be promoting NSC, originally committed to become EC, to differentiate into reactive astrocytes, thus changing the VZ program of differentiation which would also explain the discrepancy found between cell loss and EC differentiation. This glial activation, especially the addition of branched processes, influences the overall decrease of N-cadherin levels found after 48 hours of blood treatment since this junction protein is not expressed in the glial projections.
In summary, we showed VZ blood exposure triggers a time-dependent chain of events starting with the dislocation of N-cadherin, an impairment in the differentiation and loss of EC and later on, a glial activation (Fig. 5) .
Multiciliated EC are involved in the flow of the CSF adjacent to the VZ and the lack of those multicilia may disrupt ventricular CSF flow associated with hydrocephalus. This is been supported by findings from Appeble et al and MunizTalavera and Schmidt (56, 58) in which Jhy knock out mice showed impairments in the development of the multiciliated EC and ventriculomegaly. Interestingly, Jhy is the main junctional cadherin complex regulator; this means that a correlation exists between cadherin regulation and VZ maturation. We have shown that blood exposure disrupted N-cadherin-dependent cell junctions and subsequently the VZ, but the specific blood components responsible for these changes are not known. The serine protease thrombin induces VZ disruption and hydrocephalus (59) , as well as the aforementioned LPA (22, 25) affecting the cell junctions. Iron or hemoglobin has also been used in neonatal rats to produce hydrocephalus; however, the mechanisms involved in VZ disruption were not defined (60) .
The disruption of the VZ may have other consequences besides changes in CSF flow by ciliary beating. The VZ is the niche of neurogenesis and gliogenesis of the brain in which the NSC proliferate and migrate using the basal projections of neighbor NSC. Therefore, alterations or loss of cells in this zone cause other developmental complications such as an inability to migrate by the loss of the NSC structural scaffold; this results in characteristic periventricular heterotopia formed by neurons unable to migrate (10, 31) , or changes in the proportionality of neurons and glial cells in favor of astrocytes. We hypothesize that glial activation linked to VZ disruption in fetal life induces NSC meant to be neurons to become astrocytes. Thus, we support the idea that alterations of the VZ during fetal life by IVH may change the intrinsic structure of the white and gray matter in the brain.
Conclusion
In this in vitro model, blood exposure directly affects the stability of N-cadherin-based cell-cell junctions leading to the disruption of the VZ by cell loss and impairment in the differentiation of the EC, followed by a glial activation. This in vitro model of IVH may be a useful tool to further define these mechanisms and others that contribute to the pathogenesis of this devastating disease.
